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Sertoli cell signaling by Desert hedgehog regulates
the male germline 
Mark J. Bitgood, Liya Shen* and Andrew P. McMahon
Background: In mammals, testis development is initiated in the embryo in
response to the expression of the sex determining gene, Sry, in Sertoli cell
precursors. Subsequently, Sertoli cells are thought to play a central role in male-
specific cell interactions, including those that occur during spermatogenesis.
However, the molecular nature of these interactions is poorly understood. Desert
hedgehog (Dhh) encodes a signaling molecule expressed in the testis, but not
the ovary, and may therefore play a role in the regulation of spermatogenesis. 
Results: Dhh expression is initiated in Sertoli cell precursors shortly after the
activation of Sry and persists in the testis into the adult. Female mice
homozygous for a Dhh-null mutation show no obvious phenotype, whereas males
are viable but infertile, owing to a complete absence of mature sperm.
Examination of the developing testis in different genetic backgrounds suggests
that Dhh regulates both early and late stages of spermatogenesis. Patched, a
likely target of Hedgehog signaling, also displays male-specific transcription in
the gonad. This expression is restricted to a second somatic lineage, the Leydig
cells. The expression of Patched is lost in Dhh mutants.
Conclusions: Dhh expression in pre-Sertoli cells is one of the earliest indications
of male sexual differentiation. Analysis of a null mutant demonstrates that Dhh
signaling plays an essential role in the regulation of mammalian spermatogenesis.
Loss of Patched expression in Dhh mutants suggests a conservation in the
Hedgehog signaling pathway between flies and mice, and indicates that Leydig
cells may be the direct target of Dhh signaling.
Background 
In mammalian species, differentiation of the male gonad is
dependent upon the development of a highly specialized
somatic cell type, the Sertoli cell. Sertoli cell precursors
form in the mouse embryo between 10.5 and 11.5 days post
coitum (dpc), in response to the expression of a Y-chromo-
some encoded transcriptional regulator, the testis deter-
mining factor (Sry) [1]. During embryogenesis, these cells
coalesce to form the precursors of the adult seminiferous
tubules, the sex cords, which come to enclose the male
germ cells, preventing their entry into meiosis and arrest-
ing mitotic activity in the germline (for review, see [2]).
In the adult tubule, the Sertoli cells, which are unusually
large secretory cells, traverse the seminiferous tubule from
the basal lamina to the luminal aspect, sending out cyto-
plasmic protrusions that engulf the germ cells. These con-
tacts are particularly close during spermiogenesis, in which
the haploid round spermatids undergo differentiation to
produce the highly specialized, motile sperm. Interest-
ingly, tight junctions between adjacent Sertoli cells com-
partmentalize the tubule into a basal region, which
contains mitotic spermatogonia and early spermatocytes,
and an adluminal compartment, which contains meiotic
spermatocytes and maturing spermatids. Thus, Sertoli cells
may independently regulate mitotic and meiotic stages of
germ cell development during postnatal development.
At present little is known of the molecular nature of these
putative cell interactions. Sertoli cells have been shown to
secrete a variety of proteins, but the significance of most
of these for spermatogenesis remains unclear [3].
However, recent studies have demonstrated that one
Sertoli-derived cell line supports the meiotic progression
of germ cells in culture, consistent with the view that
factors derived from Sertoli cells contribute to germ cell
maturation [4]. In an earlier study, we identified three
mouse genes, Desert hedgehog (Dhh), Indian hedgehog (Ihh),
and Sonic hedgehog (Shh), which share a striking homology
with the Drosophila segment polarity gene hedgehog (hh), a
key regulator of pattern formation in embryonic and adult
structures [5]. All encode secreted proteins thought to be
involved in cell signaling. One of these, Dhh, has been
shown by an RNase protection assay to be expressed in
the adult testis (L.S. and A.P.M., unpublished observa-
tions), suggesting a possible role in cell–cell interactions
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regulating testis function. In the present study we demon-
strate that Dhh encodes a Sertoli cell-derived factor that
plays a central role in the regulation of mammalian sper-
matogenesis.
Results and discussion
Dhh is activated in the Sertoli cell lineage shortly after the
initiation of male development
In an earlier study [6], we described the expression of Dhh
in the Schwann cells, vascular endothelium, endocardium,
and seminiferous epithelium of the embryonic mouse. To
examine the temporal and spatial expression of Dhh in the
gonad more thoroughly, we performed a detailed in situ
hybridization study of embryonic and postnatal stages.
At 11.5 dpc, the so-called ‘indifferent gonads’ lack sex
cords and are morphologically indistinguishable between
sexes. However, the male gonad expresses the sex-
determining gene, Sry, in Sertoli cell precursors from
10.5 dpc, and consequently male development is underway
[7,8]. We found that Dhh expression was first apparent at
11.5 dpc in the presumptive testis; no expression was
observed in the ovary at this or any later time (Fig. 1a–d).
Silver grains were seen to decorate somatic cells, but not
the large, morphologically distinct primordial germ cells,
which were migrating into the genital ridge. Somatic
expression was confirmed by examining the embryonic
testes of mice homozygous for the SteelJ (SlJ) allele, which
lack primordial germ cells but undergo male somatic devel-
opment. Dhh expression in this mutant was indistinguish-
able from that in wild-type embryonic testes (Fig. 1e,f).
Testis expression was confined to Sertoli cells that make
up the sex cords and was not detected in precursors of the
androgen-producing interstitial somatic cells (the Leydig
cells), which lie between the developing seminiferous
tubules (Fig. 1f).
Figure 1
Dhh expression in the gonad. (a–d) Expression in the 11.5 dpc
urogenital ridge (ug). Transcripts were detected in the male (M), but
not the female (F) gonad (a, aorta). (e,f) Expression in wild-type males
(w.t.) and in males homozygous for the SlJ allele. Transcripts were
detected in the Sertoli cell precursors of the germ-cell-deficient
homozygote. (g) MIS expression in the 11.5 dpc male urogenital ridge.
(h) Dhh expression in the adult testis. (a,b) Whole mount in situ
hybridization performed with digoxygenin-labeled probes; (c–h) section
in situ hybridization performed using 35S-labeled probes.
Figure 2
Homologous recombination at the Dhh locus. (a) Targeting construct.
In the targeted allele, exons 1 and 2 and part of exon 3 of Dhh were
replaced with the neomycin phosphotransferase selection cassette.
(b) Hybridization of a Southern blot of EcoRI-digested wild-type,
heterozygous and homozygous DNA with the 5′ probe shown in (a).
The 26 kilobase (kb) band (corresponding to the wild-type gene) and
the 24 kb band (corresponding to the mutant gene) were present as
predicted. (c) Hybridization with a probe generated from exons 1 and
2. No band was detected in the homozygote. The loading control
probe was from the Wnt-1 locus. B, BamHI; E, EcoRI; K, KpnI; N, NotI.
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The activation of Dhh transcription shortly after the initia-
tion of Sry expression, prior to overt sexual dimorphism of
the gonads, is one of the first indications of male-specific
development. The only other male-specific marker known
to be expressed at this early stage also encodes a secreted
peptide, Müllerian inhibiting substance (MIS), which is
responsible for regression of the Müllerian duct and, con-
sequently, the loss of the female reproductive tract (Fig.
1g) [9,10]. The proximal regulatory regions of MIS have
been shown to bind Sry in vitro, suggesting that MIS is a
potential target of Sry [11]. Early pre-Sertoli expression of
Dhh makes it another plausible candidate for direct regula-
tion by the sex-determining gene. 
At later embryonic stages, Dhh transcription continued in
Sertoli cells (data not shown), whereas Sry expression was
lost [8]; thus, Sry is clearly not required for the mainte-
nance of Dhh expression, which persisted in the seminifer-
ous epithelium into adulthood (Fig. 1h). 
Generation of a null allele of Dhh
Expression of Dhh in the Sertoli cell lineage suggests that
Dhh signaling may participate in the control of spermatoge-
nesis. Moreover, as expression in the testis continues from
embryonic to adult stages, Dhh may have discrete functions
at different periods of germ cell maturation. To investigate
the role of Dhh, we used gene targeting to generate a null
allele by removing all of exons 1 and 2 and part of exon 3,
replacing them with a neomycin phosphotransferase selec-
tion cassette (Fig. 2a). The deleted segment encodes a
highly conserved 19 kDa peptide which has been shown to
mediate all signaling activities for Drosophila Hh and verte-
brate Shh [12–17]. Thus, no functional protein would be
produced in mice homozygous for the deletion.
Two successfully targeted embryonic stem cell lines were
isolated. Hybridization of a Southern blot with a 5′ flank-
ing genomic probe identified the predicted 24 kb mutant
and 26 kb wild-type EcoRI fragments, which indicated
that the expected recombination event had occurred (Fig.
2b). In addition, a probe encompassing exons 1 and 2
failed to hybridize with DNA from mice homozygous for
the targeted allele, indicating that these exons were
deleted (Fig. 2c). Both targeted alleles were transmitted
through the germ line giving identical results.
Dhh is required for normal testis development and
spermatogenesis
Loss of Dhh activity resulted in a recessive, sex-specific
phenotype. Female mice homozygous for the mutation
Figure 3
Testis development in Dhh mutants. (a,b) Urogenital systems of 18.5
dpc heterozygous and homozyogous males; (c,d) Urogenital systems
of adult heterozygous and homozygous males (t, testis).
Figure 4
Comparison of post-partum heterozygous and homozygous testis
mass. Bars represent average mass of both testes (TM) in an individual
as a percentage of body mass (BM). Sample size appears within the
bar; standard deviation is indicated.
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were fully viable and fertile, whereas male mice were
viable but infertile. A gross examination indicated that, as
early as 18.5 dpc, the testes of mutant males were notice-
ably smaller than those of heterozygous littermates (Fig.
3a,b). By 10 days post partum (dpp), we observed a 60 %
decrease in testicular mass, and by six weeks, a 90 %
decrease (Fig. 3c,d and Fig. 4).
Histological examination of the adult male testis revealed a
gross germ cell deficiency, although this was variable
depending upon genetic background. The tubules of most
individuals were largely devoid of germ cells, and con-
tained only a residual lining of Sertoli cells (Fig. 5a,b).
Immunostaining with an antibody directed against GATA-
1, which is specific for Sertoli cells in the mature testis,
confirmed their Sertoli cell identity (Fig. 5c,d). Thus, the
loss of germ cells did not result from a detectable loss of
the supporting Sertoli cells; rather, it suggests an essential
role for Dhh in the development of the germ line. Interest-
ingly, GATA-1 is not detected in Sertoli cells associated
with specific stages of germ cell maturation in wild-type
mice ([18]; see also Fig. 5c), but is expressed in all Sertoli
cells in the absence of the germline [18]. Thus, GATA-1
expression is modulated in a germline-dependent manner.
As we should therefore predict, GATA-1 was ubiquitously
detected in the Sertoli cells of germ-cell deficient Dhh
mutants (Fig. 5c,d).
In mice homozygous for the Dhh mutation on a 129/Sv
inbred background, primary spermatocytes formed, but
then appeared to undergo cell death (Fig. 5e,f). No sper-
matids were observed. In contrast, on a 129/Sv–C57BL/6J
F1 hybrid background, the germ cells of some individuals
progressed through meiosis to late stages of spermiogene-
sis, even though the testes of these mice showed a
decrease in mass similar to their grossly germ-cell-defi-
cient siblings. In such individuals, in tubules undergoing
the transition from stage VI to stage VII, we could identify
spermatids late in step 15 of development, when the sper-
matid head is elongated, the tail is largely formed, and the
sperm approach the lumen (Fig. 6a,b; [19]). However, we
did not detect step 16 spermatids in the stage VII tubules
of mutant mice, suggesting that sperm development was
blocked at this stage (Fig. 6c,d). Consequently, no mature
sperm were detected either in the testis or the epididymis.
The phenotypes we observed suggest that Dhh may play
distinct roles in the regulation of mitosis and meiosis in
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Figure 5
Histological analysis of testis development in
Dhh mutants. (a,b) Testicular tissue of
heterozygous and homozygous adults
(hemotoxylin and eosin stained). (c,d) Adult
testicular tissue immunostained for the Sertoli-
specific protein GATA-1. (e,f) Testicular
tissue of 16 dpp heterozygous and
homozygous mice (periodic acid–Schiff (PAS)
stained).
the male germline. During embryonic life, germ cells
migrate to and colonize the gonad and undergo some
limited proliferation before entering a period of mitotic
arrest. The testes of mutant mice are clearly reduced in
size from embryonic stages, after the completion of this
first wave of germ cell proliferation. Shortly after birth,
Sertoli cell proliferation decreases, but there is a rapid
increase in the size of the testis, resulting from the
resumption of germ cell mitosis around 2–3 dpp. During
this period, Dhh mutants display a dramatic reduction in
testicular growth, consistent with Dhh playing a role in
regulating male germ cell proliferation. To address this
issue directly, we labeled testes with bromodeoxyuridine
(BrdU) at 3 dpp, after the re-initiation of mitosis, but
found no significant difference between heterozygous and
homozygous siblings (data not shown). Thus, Dhh is
clearly not an essential germ cell mitogen. It is more likely
that Dhh contributes, along with other factors, to the
normal regulation of germ cell proliferation. 
Meiosis commences around 10 dpp, and spermiogenesis
initiates with the formation of the first haploid round sper-
matids between 18 and 21 dpp. The first cycle is com-
pleted when mature sperm are released from the Sertoli
cells into the lumen of the seminiferous tubule around
five to six weeks of age. The arrest of germ cell develop-
ment during late meiosis and late spermiogenesis suggests
that Dhh is essential for specific phases of germ cell matu-
ration. Whether Dhh acts as a stage-specific survival/main-
tenance factor or as a signal to initiate the next step in a
developmental progression remains to be determined. In
addition, the variability in phenotype between different
strains is indicative of background modifiers, suggesting
that other unidentified factors are likely to participate
with Dhh. As neither of the other mammalian Hedgehog
genes is expressed in the gonad, it is unlikely that an addi-
tional Hedgehog signal is involved [6].
Dhh signaling is required for Patched expression in the
testis
Recent studies have demonstrated that vertebrate and
Drosophila Hh proteins may share similar regulatory path-
ways. In the fly, patched (ptc) encodes a multiple mem-
brane-spanning protein that is transcriptionally activated
but functionally inactivated by Hh signaling ([20–26]; for
review, see [27]). Similarly, vertebrate Ptc is normally
expressed adjacent to sites of Shh and Ihh expression in the
mouse, and is transcriptionally activated in response to
ectopic Shh expression [28]. To investigate whether Ptc is a
potential target of Dhh signaling, we analyzed Ptc expres-
sion in the embryonic and early postnatal gonad of wild-
type mice and Dhh mutants. Like Dhh, Ptc was expressed in
the gonad of the male but not the female from 11.5 dpc; no
Ptc expression was detected by whole mount in situ
hybridization in the urogenital ridge, prior to the onset of
Dhh expression (data not shown). With the formation of the
sex cords during sexual differentiation, this expression
resolved into the interstitial (Leydig) cells that occupy the
spaces between the sex cords (Fig. 7a). Interestingly,
although Leydig cells were present in the Dhh mutant
testes, no Ptc expression was observed (Fig. 7b). In con-
trast, Ptc expression was maintained in the adjacent epi-
didymal mesenchyme (Fig. 7b) which underlies Shh-
expressing cells in the epididymal epithelium (A.P.M.,
unpublished observations). Thus, it is likely that the single
mammalian Ptc gene is a common target of all three Hh
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Figure 6
Spermatogenesis in Dhh mutants. (a,b) Stage
VI–VII seminiferous tubules in (a) heterozygous
and (b) homozygous adults. Preleptotene (Pl)
and pachytene (P) primary spermatocytes and
spermatids at developmental steps 6–7 and 15
are present in both samples. (c) Stage VII–VIII
seminiferous tubule of a heterozygous adult.
Preleptotene–leptotene (L) and pachytene
primary spermatocytes and spermatids at
developmental steps 7–8 and 16 are visible.
(d) Stage VII seminiferous tubule of a
homozygote. Preleptotene–leptotene and
pachytene primary spermatocytes and step 7
spermatids are observed; however, step 16
spermatids are absent. All samples were PAS
stained.
signals. Moreover, our results suggest that the direct target
of Dhh signaling in the embryonic and neonatal testis may
be the Leydig cells; consequently, Dhh may regulate the
male germline indirectly. It is clear that embryonic Ptc
expression is not required for the formation of differenti-
ated, androgen-producing Leydig cells, because mutant
males display normal male anatomy and behavior. It
remains to be determined whether the levels of androgens
produced in mutant males are normal.
In Drosophila, where stem cell mitosis occurs throughout
the adult life of both sexes, hh is expressed in somatic cells
of both the testis and the ovary, cells that are implicated in
regulating germline development (G. Hime and M.T.
Fuller; Z. Forbes; personal communications). Thus,
Hedgehog signaling may play an ancient and evolutionar-
ily conserved role in mediating interactions between the
soma and germline.
Conclusions 
The results reported here demonstrate that Dhh is not
required in female mice, whereas in the male, Dhh signal-
ing plays an essential role in the regulation of mammalian
spermatogenesis and may be directly regulated by the sex-
determining pathway. Analysis of the mutant phenotype
indicates that Dhh is required at different stages of germ
cell development. The size reduction we observe in the
embryonic testis is consistent with an early role for Dhh in
germ cell proliferation. In the post partum testis, Dhh is
required for the progression of germ cells to haploid sper-
matid stages and towards the final stages of spermiogene-
sis. Loss of the sex-specific expression of Patched in
Leydig cells suggests that Patched may be a conserved
target of vertebrate Hedgehog signaling, and that Leydig
cells are direct targets of Dhh signaling in the testis. 
Materials and methods
In situ hybridization 
Embryos (11.5 dpc) were sexed by Southern-blot analysis, using a
probe for the Y-chromosome repetitive sequence pY353/B [29]. At all
later stages, male gonads could be distinguished morphologically by
the presence of the sex cords. Whole mount in situ hybridization of
digoxygenin-labeled RNA probes was carried out as described in [30].
Embryonic sections were prepared and hybridized with [35S]UTP-
labeled RNA probes as described in [31] and photographed as in [32].
Generation of the null allele of Dhh 
Targeted disruption of the Dhh locus was carried out as described in
[33] in the CJ7 embryonic stem cell line [34] using positive (neomycin
phosphotransferase/G418) and negative (thymidine kinase/FIAU)
selection. Chimeric males were bred with C57BL/6J females to gener-
ate F1 hybrid offspring, and with 129/Sv females to generate 129/Sv
inbred offspring. 
Immunostaining 
Immunohistochemical detection of the GATA-1 protein on paraffin sec-
tions (6 mm) was carried out using the N6 antibody (Santa Cruz
Biotechnology) as described [18]. After reaction with diaminobenzi-
dine, samples were counterstained with hemotoxylin.
BrdU immunohistochemistry 
Mice (3 dpp) were injected intraperitoneally with BrdU solution (50 mg
BrdU per g body weight) 2–3 h prior to sacrificing. Testes were dis-
sected and fixed overnight in 4 % paraformaldehyde and paraffin
embedded. BrdU assay for mitotic activity was carried out on 6 mm
sections as described in [35].
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